the analysis time by decreasing the time spent in separating those components of the sample that are of no analytical interest. Multidimensional LC separation has been defined as a technique which is mainly characterized by two distinct criteria, as follows: -the first criterion for multidimensional system is that sample components must be displaced by two or more separation techniques involving an orthogonal separation mechanism, -while the second criterion is that components that are separated by any single separation dimension must not be recombined in any further separation dimension. Coupled-column liquid chromatography (LC-LC coupling) refers to the conventional twodimensional mode of chromatography in which fractions from one column are selectivly transferred to a secondary column for further separation. The volume of the eluate transferred from the first column to the second column can correspond to a group of peaks, a single peak or a fraction of a peak, so that different parts of the sample may follow different paths through the LC-LC configuration. The separation of complex mixtures of pesticides is also possible by combination of different modes of multidimensional planar chromatography. Multidimensional planar chromatography (MDPC) can be performed using different mobile phases in systems with single-layer or bi-layer plates by graft thin-layer chromatography. Graft thin-layer chromatography is a complex system in which chromatographic plates with similar or different stationary phases are used. Compounds from the first chromatographic plate after chromatogram development are transferred to the second plate of different selectivity, without scraping, extraction, or re-spotting the bands by use of a strong mobile phase. In the second mode of MDPC the separation of complex mixtures of compounds has been realized on a monolayer. In these experiments a solvent system (mobile phase A) was selected for one adsorbent, e.g., silica stationary phase to separate groups of compounds from the investigated complex mixture. Afterwards the mobile phases were optimized (mobile phases B, C, D, E) for the different group of compounds regarding each group as an individual separation problem. By the help of this new procedure numerous compounds from a complex mixture were separated on 10 cm x 10 cm TLC or/and HPTLC plates. In this mode of MDPC the largest differences for separation of complex mixtures can be obtained by combination of normal-phase and reversed-phase systems with the same chromatographic layer, e.g., cyanopropyl one. In the third mode of MDPC the separations of multicomponent mixtures were realized on multiphase plates. Also in this mode the largest differences were obtained by combination of a normal-phase system of the type silica/nonaqueous eluent in the first step of MDPC and a reversed-phase system of the type octadecyl silica/water + organic modifier (methanol, acetonitrile, tetrahydrofuran) in the next steps of MDPC on multiphase plates, e.g., with a narrow zone of SiO 2 and a wide zone of RP-18 (or vice versa) which are commercially available from Whatman (Multi K SC5 or CS5 plates). In the fourth mode of MDPC the separations of mixtures were realized on a monolayer of, e.g., silica. Separations of compounds were performed on polar stationary phases with a non-aqueous system (step A) and with partly aqueous eluents (step B) in the next step of MDPC. Application of multidimensional planar chromatography (MDPC) with different systems in steps, e.g., adsorption chromatography (step A) and hydrophilic interaction chromatography (HILIC) or ion exchange (step B) is especially useful for correct identification of components of difficult, complicated mixtures, e.g., pesticides in rivers or plant extracts. MDPC combined with different modes of scanning, e.g., with diode array 2. Chromatographic techniques applied to analysis of pesticides 2.1 Planar chromatography 2.1.1 Advantages of planar chromatography Planar chromatography is most effective for the low-cost analysis of samples requiring minimal sample clean-up. Planar chromatography is also selected for pesticides screening analysis, because (Tuzimski, 2011b) : -single use of stationary phase minimizes sample preparation requirements; -parallel separation of numerous samples enhances high throughput; -ease of post-chromatographic derivatization enables improved method selectivity and specifity; -detection and/or quantitation steps can easily be repeated under different conditions; -all chromatographic information is stored on the plate and can be (re-) evaluated if required; -several screening protocols for different analytes can be carried out simultaneously; -selective derivatizing reagents can be used for individual or group identification of the analytes; -detection of the separated spots with specific and sensitive color reagents; -visual detection of UV-absorbing compounds is possible in field analyses by use of a UV lamp; -detection by contact with X-ray film, digital bio-and autoradiography, and even quantitative assay by use of enzymes is possible;
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Pesticides in the Modern World -Trends in Pesticides Analysis 284 -TLC plates can be documented by videoscans or photographs; -planar chromatography combined with modern videoscanning and densitometry enables quantitative analysis; -planar chromatography coupled with densitometry enables detection of the spots or zones through scanning of the chromatograms with UV-Vis light in the transmission, reflectance, or fluorescence mode; -with multi-wavelength scanning of the chromatograms, spectral data of the analytes can be directly acquired from the TLC plates and can further be compared with the spectra of the analytes from software library; -additional information for structural elucidation can be obtained by planar chromatography combined with MS (fast atom bombardment (FAB) and liquid secondary mass spectrometry (SIMS)); -the whole procedure of chromatographic development can be followed visually, so any distortion of the solvent front, etc., can be observed directly; -the chromatogram can be developed simply by dipping the plate into a mobile phase; -the possibility of two-dimensional development with a single adsorbent; -the possibility of two-dimensional development on e.g., silica -octadecyl silica coupled layers (Multi-K SC5 and CS5 dual phase); -planar chromatography is also the easiest technique which performs multidimensional separation (e.g., by graft chromatography or multidimensional chromatography). Summing up, planar chromatography is one of principal separation techniques, which plays an important role also in environmental analysis.
From one dimensional (1D-) planar chromatography by two-dimensional (2D-) planar chromatography to multidimensional planar chromatography
Planar chromatography analysis of pesticides is especially suitable at sites where the concentration of pesticides might be high, e.g., sites of dumping grounds of toxic substances; after car or train accident during conveyance of pesticides and contamination of the environment. The analysis of complex mixtures of pesticides can be simplified by preliminary fractionation of the mixture into simpler mixtures by micropreparative chromatography (Tuzimski and Soczewiński, 2004) . The main purpose of preparative layer chromatography is isolation of pure compounds from a mixture with maximal yield. Sample application is one of the most important steps of a successful preparative separation. The zonal application of the sample from the edge of the layer is preferable (Soczewiński and Wawrzynowicz, 2000; Soczewiński 2001 ). Nyiredy (Nyiredy 2001; Nyiredy 2003) described sample application and other characteristics of classical preparative layer chromatography, overpressured layer chromatography, other special techniques, and trends in preparative layer chromatography. Waksmundzka-Hajnos and colleagues (Waksmudzka-Hajnos and Wawrzynowicz, 2002; Waksmudzka-Hajnos et al., 2002) described the strategy of preparative separation in TLC. Dzido et al. (Dzido et al., 2002) also described the effect of temperature on the separation of test solutes in preparative TLC. Guiochon and colleagues (Guiochon, 2002; Felinger and Guiochon, 1998; Jandera et al., 1997; Gritti and Guiochon, 2003) described theory, instruments, and practical issues of preparative chromatography. The separation of a certain target component from a multicomponent mixture using isocratic preparative elution chromatography was also studied theoretically (Shan and SeidelMorgenstern, 2003) .
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Determination of Pesticides in Complex Samples by One Dimensional (1D-), Two-Dimensional (2D-) and Multidimensional Chromatography 285 A good perspective of separation of compounds is obtained by use, in the second stage, systems of different selectivities compared with the first stage, e.g., NP system on silica in the first stage followed by a reversed-phase (RP) system on octadecyl silica adsorbent in the second stage [TLC or high performance liquid chromatography (HPLC)] or vice versa especially for samples with matrix rich in water. Also possible is the use of NP or RP systems with different retention mechanisms on hydrophilic modified stationary phases, e.g., cyanopropyl, aminopropyl, and diol. These phases have many other advantages-an extended range of selectivity, and graduated surface polarity, and show less influence of the vapour phase on retention behaviour and, therefore, have better reproducibility (Rabel, 2003) . NP HPLC has also several advantages (Jandera, 2000) : pressure drop across the column is lower in non-aqueous RP system than in aqueous RP system (because of lower viscosity of non-aqueous eluents); columns are usually more stable in non-aqueous solvents than in aqueous solvents; some samples are more soluble, or less prone, to decomposition in organic mobile phases. However, RP chromatography generally offers better selectivity for the separation of molecules with different sizes of their hydrocarbon part. Figure 1 illustrates possibilities for the separation of the 10-component mixture of pesticides (nos. 1-10) into fractions (nos. I-VIII) in the NP system, silica-ethyl acetate-diisopropyl ether (10 : 90, v/v) (Tuzimski, 2005a) . A solution of the mixture of pesticides (1-3% of pesticides, 0.4 mL) was applied to the plate from the edge of the silica layer (0.5mm) through the glass distributor. The plate was developed with ethyl acetate-diisopropyl ether (10 : 90, v/v). Bands were visualised in UV light at Ǚ = 254 nm (Figure 2) . Next, the zones were scraped from the plate, and the adsorbed fractions were isolated by elution with methanol. Each of the pesticide fractions (I-VIII) was applied on a silica gel 60 F 254 HPTLC plate. In addition, standard substances were applied to the plates (1-10) and the plates developed to a distance of 9 cm with ethyl acetate-diisopropyl ether (10 : 90, v/v) as mobile phase. The real picture of the silica gel plate obtained by videoscanning (Figure 3) showed the separation of eight fractions of pesticides (Tuzimski, 2005a) . The fractions were applied 0.5 cm from the edge on a RP-18W plate and developed with a RP aqueous eluent, acetonitrile-water ( Figure 6 that the selectivity of the CN/NP system is satisfactory for HPLC analysis on a CN column (Tuzimski, 2005a) . The fractions (I-VIII) were also injected on a cyanopropyl column (LC-CN) and developed by NP eluents composed of dioxane and n-heptane (2 : 98, 3 : 97, and 5 : 95, v/v) (Tuzimski, 2005a) . The fractions were also separated on a octadecyl silica column (LC-18) and analysed by the RP system with acetonitrile-water (70 : 30, v/v) . The data of Table 1 (Tuzimski, 2005a) showed larger R S values for the majority of a set of pesticides of the I-VIII fractions in acetonitrile-water system on an LC-18 column, than nonaqueous system on an LC-CN column. The more sensitive HPLC analysis shows that some peaks are accompanied by small peaks of neighbouring compounds, e.g., in the fraction II: peak of metazachlor (no. 2) is accompanied by a small peak of neighbouring triadimefon (no. 3). The values of R S of the pair were 0.78 and 2.78, respectively, on Supelcosil TM LC-CN and Supelcosil TM LC-18 columns. These values indicate successful resolution of the compounds in the acetonitrile- water system on the octadecyl silica column. For the majority of the compounds, larger values of N were for the RP system on the LC-18 column, besides compounds (nos. 2, 3, 5). The solutions of some pesticides, during prolonged storage, development of chromatograms, elution and visualisation of bands in UV light, may decompose and can cause the appearance of additional peaks on their chromatograms. The correct identification and separation of the decomposition of the labile pesticides is possible. Table 1 . Data of HPLC analysis of the I-VIII fractions of 10-component mixture of pesticides on cyanopropyl LC-CN column and on octadecyl silica LC-18 column.
A good perspective of separation of all components of fractions was obtained by using systems of different selectivity in both stages, e.g., NP system on silica in first stage and RP
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One Dimensional (1D-), Two-Dimensional (2D-) and Multidimensional Chromatography 293 system on octadecyl silica adsorbent in the second stage (TLC or HPLC). The procedure gives successful separation of the fractions by using the two methods with the possibility of full quantitative TLC and HPLC analysis (Tuzimski, 2005a) . Another example of preparative separation of a complex mixture of pesticides by TLC on silica (non-aqueous mobile phase, normal-phase (NP) chromatography) combined with TLC and HPLC (aqueous mobile phase, reversed-phase (RP) chromatography) is presented in Figures 7-11 (Tuzimski, 2005b) . A ten-component mixture of pesticides was applied to the edge of the layer in 'frontal + elution' mode for preliminary fractionation by zonal micropreparative TLC. Figure 7 shows the plate with four separate zones, visualized in UV light at Ǚ = 254 nm. The located zones were scraped from the plate, in the conventional manner, and the fractions were extracted with 50:50 (v/v) ethyl acetate-methanol. Figure 8 shows the silica gel plate with separation both of pesticide fractions I-IV and the standard substances (1-10) applied to the plate, to verify the purity of separated fractions I-IV. The separated, simpler, fractions were applied to an octadecyl silica layer wettable with water (TLC, RP-18W) and re-chromatographed. The plate was scanned and videoscanned, furnishing a real picture of the plate and showing complete separation of the fractions. Figure 9 shows the videoscan and densitogram obtained from the RP-18W plate with the separated components of the fractions. Separation of fraction II was better with acetonitrile-water, 60 + 40 (v/v), as mobile phase, whereas the components of fractions I, III, and IV were better separated with methanol-water, 60+40 (v/v), although two components of fraction I (isoproturon and diuron) were only partly separated. The mixture of ten pesticides and fractions I-IV were also injected on to an octadecyl silica column (RP-18) and chromatographed by use of a water-methanol mobile phase gradient. The ten pesticides cannot be completely separated by gradient elution (Figure 10) . . HPLC separation of the ten-component pesticide mixture on a 150 mm × 4.6 mm, dp = 5 ǚm, Supelcosil LC-18 column (Supelco) by use of a methanol-water gradient (50 to 85% methanol from 0-50 min). The flow rate was 1.0 mL min -1 , detection was at 254 nm, and the temperature was 22 ± 1°C. (From Tuzimski, 2005b . With permission.).
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One Dimensional (1D-), Two-Dimensional (2D-) and Multidimensional Chromatography 297 Fig. 11 . HPLC separation of the four pesticide fractions (I-IV) on a 150 mm × 4.6 mm, dp = 5 ǚm, Supelcosil LC-18 column (Supelco) by use of a methanol-water gradient (50 to 85% methanol from 0-50 min). The flow rate was 1.0 mL min -1 , detection was at 254 nm, and the temperature was 22 ± 1°C (From Tuzimski, 2005b . With permission.).
One of the most attractive features of planar chromatography is the ability to operate in the two-dimensional (2D) mode. In 2D development the mixtures can be simultaneously spotted at each corner of the chromatographic plate so that the number of separated samples can be higher in comparison to the 'classical 2D development' (Nyiredy, 2001; Szabady and Nyiredy, 1996) . An example of this type of 2D development is illustrated in Figure 12 . Figure 12 shows a videoscan of the plate which shows separation of three fractions of the mixture of nine pesticides by 2D planar chromatography with NP/RP systems on a chemically bonded-cyanopropyl stationary phase. Nyiredy (Nyiredy, 2001; Szabady and Nyiredy, 1996) described the technique of joining two different adsorbent layers to form a single plate. The largest differences were obtained by combination of normal-phase systems of the type silica/nonaqueous eluent and reversedphase systems of the type octadecyl silica/water + organic modifier (methanol, acetonitrile, tetrahydrofuran, dioxane) on multiphase plates with a narrow zone of SiO 2 and a wide zone of RP-18 (or vice versa) which are commercially available from Whatman (Multi K SC5 or CS5 plates) (Tuzimski and Soczewiński, 2002a-d; Tuzimski and Bartosiewicz, 2003) . Tuzimski and Soczewiński were the first to use bilayer Multi K plates for the separation of complex mixtures (Tuzimski and Soczewiński, 2002a-d; Tuzimski and Bartosiewicz, 2003) . The multidimensional separation can be performed using different mobile phases in systems with single-layer or bi-layer plates. Graft thin-layer chromatography is a multiple system in which chromatographic plates with similar or different stationary phases are used. Graftthin layer chromatography, a novel multiplate system with layers of the same or different adsorbents for isolation of the components of natural and synthetic mixtures on preparative scale, was first described by Pandey et al. (Pandey et al., 1979) . The procedure of performing reproducible graft-TLC analysis was described in detail by Tuzimski (Tuzimski, 2007a) and in the previously study (Tuzimski, 2011a) . Thin-layer chromatography (TLC) combined with modern scanning densitometry provides the possibility of quantitative analysis (Ahrens et al., 2002; Hiegel and Spangenberg, 2009;  Determination of Pesticides in Complex Samples by One Dimensional (1D-), Two-Dimensional (2D-) and Multidimensional Chromatography 299 Spangenberg and Klein, 2000; Spangenberg and Klein, 2001; Spangenberg et al., 2003; Spangenberg, 2006; Tuzimski, 2010a; Tuzimski, 2011a) . The method offers a simple and economical alternative to other chromatographic techniques, especially column highperformance liquid chromatography (HPLC). Application of modern fiber optic TLC scanner with a diode array detector (DAD) has several advantages (Ahrens et al., 2002; Hiegel and Spangenberg, 2009; Spangenberg and Klein, 2000; Spangenberg and Klein, 2001; Spangenberg et al., 2003; Spangenberg, 2006; Tuzimski, 2010a; Tuzimski, 2011a) e.g., the scanner can measure TLC plates simultaneously at different wavelengths without destroying the plate surface and permits parallel recording of chromatograms and in situ UV spectra in the range 191-1033 nm; therefore, it is possible to obtain doubly credible correct identification of the compounds on a chromatogram. The TLC scanner permits analysis of each compound at its optimum wavelength, thus offering optimum sensitivity for detection of each component. The TLC-DAD scanner permits measurement of a threedimensional chromatogram, A = f(λ, t), with absorbance as a function of wavelength and migration distance. The TLC-DAD scanner can compare parallel UV spectra of an unknown compound and a standard from the library of spectra. Software is available that allows the user access to all common parameters used in HPLC-DAD: peak purity, resolution, identification via spectral library match, etc. The TLC-DAD scanner is especially useful for correct identification of components of difficult, complicated mixtures, such as in plant extract and toxicological analysis. 
Figure 12
shows an example of the three-dimensional plot (scanning range x trace distance x absorbancy) obtained from an apple extract (Tuzimski, 2005) . Identification was achieved by comparing the UV spectrum obtained from the extract and a fenitrothion standard. Figure  13 shows UV spectra obtained from fenitrothion standards at eight concentrations (100-1000 µg mL -1 ) and the UV spectrum obtained from fenitrothion in an extract from freshly squeezed apple juice (Tuzimski, 2005) . The instrument detection limit (IDL) for fenitrothion was also determined: was 10 ǚg mL -1 . The concentration of fenitrothion in the extract from fresh squeeze apple juice forty-five days after spraying apples was below the method detection limit (MDL) for fenitrothion (Tuzimski, 2005) . The peak purity index is a numerical index for the quality of the coincidence between two datasets. It is given by the least-squares-fit coefficient calculated for all intensity pairs in the two datasets under consideration. The following equation is applied:
(s s)(r r) P (s s) (r r)
where s i and r i are the respective intensities for the same abscissa value, i is the number of data points, and s and r are the average intensities of the first and second dataset. A peak purity index has values in the range from 0 to 1. A peak-purity index of 1 indicates that the compared spectra are identical (Tuzimski, 2005) . Fig. 13 . UV spectra obtained from fenitrothion standards at eight concentrations (100-1000 µg mL -1 ) and from an extract of freshly squeezed apple juice containing fenitrothion (From Tuzimski, 2005 . With permission.).
Very difficult separations of multicomponent mixtures of compounds require the application of multidimensional planar chromatography combining different separation systems. A new procedure for separation of complex mixtures by combination of different modes of multidimensional planar chromatography were described (Tuzimski, 2008a;  www.intechopen.com
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Tuzimski, 2007b). MDPC combined with different modes of scanning, e.g., with diode array detection (MDPC-DAD) or mass spectrometry (MDPC-MS) enables quantitative analysis. The best combination for multidimensional planar chromatography is the parallel combination of stationary and mobile phases. In the next mode of multidimensional planar chromatography the separations of multicomponent mixtures were realized on multiphase plates. Also the largest differences were obtained by combination of normal-phase systems of the type silica/nonaqueous eluent in the first step of MDPC and reversed-phase systems of the type octadecyl silica/water + organic modifier (methanol, acetonitrile, dioxane, tetrahydrofuran) in the next steps of MDPC on multiphase plates, e.g., with a narrow zone of SiO 2 and a wide zone of RP-18 (or vice versa) which are commercially available from Whatman (Multi K SC5 or CS5 plates) (Tuzimski, 2010a , Tuzimski, 2011a . In another mode of MDPC the separations of mixtures were realized on a monolayer of, e.g., silica (Tuzimski, 2010b , Tuzimski, 2011a . Separations of compounds were performed on polar stationary phases with a non-aqueous eluent (step A or in both A and B steps) and with partly aqueous eluents (step B) in the next step of MDPC. Application of multidimensional planar chromatography (MDPC) with different systems in steps, e.g., adsorption chromatography (step A) and hydrophilic interaction chromatography (HILIC) or ion exchange (step A) adsorption (step B) is especially useful for correct identification of components of difficult, complicated mixtures, e.g., pesticides in plant extracts. The procedure described for the separation of complex mixtures of compounds is inexpensive and can be applied to routine analysis of analytes in samples of natural origin, e.g., in water or plant extracts, after preliminary clean-up and concentration, e.g., by solid-phase extraction (SPE). Application of multidimensional planar chromatography and modern fiber optical TLC densitometric scanners with DAD are especially useful for correct identification of components of difficult, complicated mixtures, e.g., clofentezine in Herba Thymi (Tuzimski, 2010a , Tuzimski, 2011a . The identification of analytes was confirmed by the comparison of the UV spectra of the components of plant extracts and standards of analytes by DAD densitometer (Tuzimski, 2010a,b; Tuzimski, 2011a) . The LOD and LOQ for clofentezine were 0.23 and 0.70 µg per spot (TLC-DAD), and 0.35 and 1.06 µg/mL, (HPLC-DAD), respectively. The method recovery was studied by analyzing five replicates of samples spiked with clofentezine at four concentrations levels (4.5, 6, 9 and 12 µg/g in plant material). Average recoveries from the spiked samples, and the SD, were 55.8%±4.5 and 44.5%±6.5 (SPE: C18/SDB-1, THF eluates) after step B determined by MDPC-DAD and HPLC-DAD, respectively. The methanol eluates contained traces of clofentezine (<0.09%). The determined quantity of the clofentezine in the extract of Herba Thymi (T. vulgaris L., Lamiaceae) ranged from 0.78 to 0.86 µg/g in plant material (n=7) in samples from the year 2009. The proposed procedure is efficient and uncomplicated. It allows to analyze the quantity of clofentezine in medical herbs without the necessity of applying additional purifying and absorbents (silica or Florisil) of the matrix in SPE. Moreover, it does not necessitate the use of additional columns in HPLC experiments to purify the matrix from the ballast substances (Tuzimski, 2010b; Tuzimski, 2011a) . MDPC has many advantages, for example wide possibilities of optimization of the chromatographic system, special development modes, diverse detection methods, and lowcost analysis of samples, requiring minimal sample cleanup. The purpose of next study was to demonstrate an application of 2-D high-performance planar chromatography-diode array detector (DAD) and HPLC-DAD after solid-phase extraction (SPE) for identification and quantitative analysis of some pesticides (isoproturon, aziprotryne, hexazinone, flufenoxuron, methabenzthiazuron, procymidone, and a-cypermethrin) in Melissa officinalis L. (Labiatae) samples (Tuzimski, 2011c) . In the preliminary part of described experiments (Tuzimski, 2011c) , the eluates from fortified samples were injected on C18 column and analyzed by HPLC-DAD. The chromatogram obtained from a sample of M. officinalis L. (Labiatae) fortified by seven pesticides is shown in Figure 14 . The analytes were identified on the basis of their retention times and by comparison between the UV spectrum of the reference compound in the library and the UV spectrum of the detected peak in the sample (Figure 15, left column) . A match equal to or higher than 990 was fixed to confirm identification between both spectra for all of the pesticides determined. Aziprotryne, flufenoxuron, and a-cypermethrin were obtained as pure peaks (Figure 15 , right column), but for other analytes, the peaks were impure. If the peaks of analyte are pure, then the surface area under the compared spectra of standard and analyte is green (on black-andwhite print it is light-grey). If the peak of the analyte is contaminated, the surface area would be red (dark-grey on black-and-white print). The right column of Figure 15 (and Figure 19 ) represents the purity of peaks of three pesticides: aziprotryne, flufenoxuron, and cypermethrin. Since these peaks are pure, the calculated surface areas of the compared peaks are light-grey (green in original). Applications of NP and RP systems during a single experiment enable separation not only of analytes in a multicomponent sample, but also separation of analytes from impurities and other components of the matrix. In the next experiments, the eluates were applied on bilayer Multi K CS5 plates. On the basis of correlations of R F values in NP and RP systems (Figure  16) , it was possible to separate seven analytes from the components of the matrix. The Multi-K CS5 plates were scanned in the wavelength range of 200-400 nm. Identification of analytes was confirmed by comparison of UV spectra of the components of plants extract with those of standards of analytes. The purities of the peaks were also determined. Example of the least-squares fit values (obtained by cross-correlation) of spectra from a fortified sample of M. officinalis L. and spectra from pesticide standards were also calculated and the purity index (Pearson's r) for compared spectra was always between 0.9911 and 0.9997. Heart-cut bands of analytes from the stationary phase (after 2-D-TLC experiments) were also analyzed by HPLC-DAD on C18 column. The HPLC chromatograms obtained from extract of M. officinalis L. (Labiatae) after 2-D-TLC show the purities of peaks of analytes separation from components of matrix (Figure 17) . Identification of the analytes was accomplished on the basis of retention times of the analytes (Figure 17) and by comparing the UV spectrum of the reference compound in the library with the UV spectrum of the peak detected in the sample (Figure 18) . The purities of the peaks were also determined (Figure 19) . 
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The proposed procedure was proved correct for spiked samples with seven pesticides at concentration levels equal to 10 µg/g in plant material after 1, 5, and 11 days. The method characterized good reproducibility. Application of both chromatographic techniques with different systems, e.g. NP and RP (in both steps of 2-D-TLC-DAD on the bilayer Multi-K CS5 plates) and RP (HPLC-DAD) can be useful for correct identification of pesticides in complicated mixtures and separation of analytes from the components of the matrix. Thanks to 2-D-TLC experiments, it is possible to obtain pure peaks of almost all pesticides investigated and acceptable values of recoveries of analytes (except for very nonpolar pesticides, e.g. pyrethroids, benzoylphenylurea chitin synthesis inhibitors) (Tuzimski, 2011c) .
Liquid chromatography
In the last past decade high performance liquid chromatography has emerged as a technique for the separation of complex environmental samples because of its outstanding chromatographic resolving power, the possibilities to automate the analysis and its compatibility with mass-spectrometric detection using electrospray interfacing (ES-MS). Mutiresidue analysis of 95 pesticides at low nanogram/liter levels in surface waters by HPLC with mass spectrometry was described (Jasson and Kreuger, 2010). Analysis of pesticide residues in apples based on QuEChERs (quick, easy, cheap, effective, rugged and safe) was described by Stevens et al. (Zhao, 2009 ). The maximum peak capacity obtained in one-dimensional (1D) liquid chromatography is mainly determined by the column technology such as column length and particle size, and also the duration of the gradient (Eeltink et al., 2009 ). The maximum allowable column length is determined by the permeability of the chromatographic bed and the maximum pressure drop of the HPLC instrumentation (Poppe, 1997; Desmet et al., 2009 ). 1D-LC allows the separation of hundreds of analytes. The excellent power of the multidimensional separation approaches have potential to separate thousands of analytes (Stoll et al., 2007) . Dependent on the way transfers from the primary column effluent to the second dimension column are established, distinctions should be made for 2D-LC separations between either off-or on-line 2D-LC. Off-line 2D-LC is propably the most applied 2D-LC approach, since the execution is very simple. Fractions of the first dimension effluent are collected (manually or via fraction collector), after which they are concentrated if necessary and re-injected on the secondary column (François et al., 2009 ). On-line 2D-LC can be divided into heart-cutting and comprehensive liquid chromatography, abbreviated as LC-LC and LC x LC, respectively (Schoenmakers et al., 2003) . Off-line 2D-LC (or LC x LC) offers the most flexibility in terms of separation modes and LC conditions, because matching eluents, flow-rates and transfer volumes are less critical than in on-line 2D-LC (Kohne and Welsch, 1999) . However, off-line 2D-LC allows re-analysis of samples when partial injection of the fractions is applied. Schoenmakers et al. (Schoenmakers et al., 2003) defined the criteria of a comprehensive separation based on postulates earlier reported by Giddings (Giddings, 1990) : subjection of the entire sample to two different separations, separation and detection of equal percentages of all sample components and the preservation of the separation obtained in the first dimension (François et al., 2009) . A typical comprehensive 2D-LC system consists of two pumps, two columns, injector, interface and detector. An excellent review of method development and instrumentation used in comprehensive liquid chromatography was described by Sandra et al. (François et al., 2009) . A typical example of an LC x LC set-up is shown in Figure 20 . The interface is the key component in all LC x LC systems, since it
Determination of Pesticides in Complex Samples by One Dimensional (1D-), Two-Dimensional (2D-) and Multidimensional Chromatography 309 enables the continuous transfer of the primary column effluent to the second dimension (François et al., 2009 ). Schoenmakers et al. (Schoenmakers et al., 2006) published a paper in which a protocol was proposed for establishing suitable column dimensions (length and diameters), particle sizes, flow rates, and second dimension injection volumes (i.e. loop sizes) in comprehensive two-dimensional liquid chromatography (LC×LC). The chromatographer should select the maximum allowable first-dimension retention time, which is approximately equal to the overall analysis time. Also, (s)he should define the maximum allowable pressure in both dimensions and the (minimum) diameter of the firstdimension column. The proposed protocol provides design parameters corresponding to the ideal (theoretically optimal) conditions or to realistic practical conditions. The protocol also allowed us to study the implications of contemporary developments in LC, such as the use of high temperatures (implying reduced viscosities and increased diffusion coefficients), monolithic columns (implying smaller flow-resistance factors), and ultra-high-pressure LC (Schoenmakers et al., 2006) . Monolithic columns can mainly be advantageous as first dimension columns in LC×LC. Because of their lower resistance to flow, long monolithic columns can be used to obtain high efficiencies (plate counts). Operating at the highest possible pressure is advantageous in either dimension (Schoenmakers et al., 2006) . The use the full peak capacity offered by comprehensive LC x LC the separation mechanism used in the first dimension should be independent of the retention mechanism in the second-dimension separation and none of the separation achieved should be lost due to understanding (i.e., transferring too few fractions to the second-dimension column) (Eeltink et al., 2009 ). In the case, the maximum 2D-LC peak capacity ( 2D n c ) that can be obtained is:
where 1 n c and 2 n c are the peak capacities obtained in the first dimension and second dimension, respectively. Tanaka et al. (Horie et al., 2007) showed that the sampling time applied for the second dimension ( 2 D separation) should be adjusted to 2-4 times the standard deviation of the firstdimension ( 1 D separation) peak (i.e., one or two 'cuts' per 1 D peak). This yields the best compromise between the time available for the 2 D separations and maintaining separation obtained in the first dimension (Eeltink et al., 2009 ). Schoenmakers and co-workers described an optimization strategy to obtain the best possible performance in the shortest analysis timecalled the peak production rate -for comprehensive off-line two-dimensional liquid chromatography (Eeltink et al., 2009) . The authors give an overview of the effects of column length, particle size and gradient times on the optimal sampling time ( 150  5  20  40  20  17  60  150  5  60  60  30  25  120  250  3  20  26  13  11  92  250  3  33  35  17.5  15  113  250  3  60  50  25  21  144   Table 2 . Effect of column properties and gradient time on sampling time (2 cuts per peak) and the number of 1 D fractions collected (From Eeltink et al., 2009 . With permission.). True orthogonality is technically difficult to achieve, as orthogonality not only depends on the separation mechanisms, but also on the properties of the analytes (e.g., physicochemical properties of the sample constituents including size, charge, polarity, hydrophobicity, etc.) and separation conditions (e.g., surface chemistries, support material, carbon load, etc.), whereas the characteristics of the mobile phase can be altered by changing modifier, pH , temperature or adding ion pair agents. An important issue in comprehensive LC is the compatibility of the mobile phases in the two dimensions. The mobile phase eluting from the primary column is preferably consisting of a weak solvent constituent of the second dimension mobile phase in order to create a focusing effect (Hoffman et al., 1989) . Furthermore, if the solvents or solvent mixtures that are used as mobile phases are not completely miscible, serious difficulties arise, resulting in the complication of the combination of various separation modes. As an example, this is the These incompatibility problems were already observed in 1D LC in the past when sample solvents were significantly different than the initial conditions of the mobile phase. When the first-dimension separation is 'undersampled', for example when the resolution obtained in the first-dimension is partially lost by the fraction collecting rate, the first dimension peak capacity ( 1 n c ) cannot be higher than the number of fractions taken and is defined as (Eeltink et al., 2009 ):
where 1 t G is the gradient duration in the first-dimension and s t the sampling time.
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The peak capacity ( 2 n c ) (2D) in gradient-elution chromatography can be approximately defined as (Eeltink et al., 2009) :
where 1 t G is the gradient duration of the second-dimension reversed-phase gradient, W the average peak width (which is approximately equal to four times the standard deviation, at σ), L the column length, t R the retention time and H the plate height.
Details were described by Schoenmakers and co-workers (Eeltink et al., 2009 ). The conclusions obtained by Schoenmakers and co-workers (Eeltink et al., 2009) indicates that the highest peak production rate in 2D-LC mode was obtained when applying seconddimension RP gradients of 20 min duration on a 150 mm long column packed with 3 µm particles. The optimal 2 D gradient time is strongly influenced by the column equilibrium time. In the case when increasing column length, the equilibrium time also increases, decreasing the final peak production rate in 2D-LC (Eeltink et al., 2009) . Gradient elution provides significant improvement of the peak capacity in comparison to isocratic conditions. In the second dimension, gradients are limited to a short-time period available for separation. Various types of second-dimension gradients in comprehensive LC x LC are compared: (i) ''full in fraction'', (ii) ''segment in fraction'' and (iii) ''continuously shifting'' gradients, applied in orthogonal LC x LC separations was described by Jandera et al. (Jandera et al., 2010) . The porous shell columns provide narrow bandwidths and fast second-dimension separations at moderate operating pressure that allows important savings of the overall separation time in comprehensive LC x LC separations. The effects of the gradient type on the bandwidths, theoretical peak capacity, separation time and column pressure in the second dimension were investigated by these authors (Jandera et al., 2010) . The coupled-column (LC-LC) configuration consisting of a 3 µm C column (50x4.6 mm I.D.) as the first column and a 5 µm C 18 semi-permeable-surface (SPS) column (150x4.6 mm I.D.) as the second column appearing to be successful for the screening of acidic pesticides in surface water samples was described by Hogendoorn et al. (Hogendoorn et al., 1999) . In comparison to LC-LC employing two C 18 columns, the combination of C 18 /SPS-C 18 significantly decreased the baseline deviation caused by the hump of the co-extracted humic substances when using UV detection (217 nm). The developed LC-LC procedure by Hogendoorn et al. (Hogendoorn et al., 1999) allowed the simultaneous determination of the target analytes bentazone and bromoxynil in uncleaned extracts of surface water samples to a level of 0.05 µg/L in less than 15 min. In combination with a simple solid-phase extraction step (200 mL of water on a 500 mg C 18 -bonded silica) the analytical procedure provides a high sample throughput. During a period of about five months more than 200 ditch-water samples originating from agricultural locations were analyzed with the developed procedure. Validation of the method was performed by randomly analyzing recoveries of water samples spiked at levels of 0.1 µg/L (n=10), 0.5 µg/L (n=7) and 2.5 µg/L (n=4). Weighted regression of the recovery data showed that the method provides overall recoveries of 95 and 100% for bentazone and bromoxynil, respectively, with corresponding intra-laboratory reproducibilities of 10 and 11%, respectively. The performance of different columns in LC-LC configuration is illustrated in Figure 22 (Hogendoorn et al., 1999) . In 313 comparison to the use of two C 18 columns in LC-LC the C 18 /SPS combination improves significantly the elution profile of humic acid interferences allowing quantification of both herbicides to the required level in these types of samples described by Hogendoorn et al. (Hogendoorn et al., 1999) . The details about LC-LC and LC x LC methods with references were also described in the previous study (Tuzimski, 2011a) . 
Gas chromatography
Multidimensional or comprehensive two-dimensional gas chromatography (GCxGC) is a relatively new technique that can analyze multicomponent samples on different GC phases in the same analysis. GCxGC has a number of advantages over single column techniques. In this mode, two different chromatographic columns are connected in series through a modulator, which traps the analytes eluting from the primary column and re-injects them in small compressed packets onto the secondary column. Columns coupled in series provide better separation of components of sample through different physical and chemical properties (e.g., boiling point/polarity versus shape selection) in the two steps. The GCxGC provides much better chromatographic resolution and peak capacity than single column system. GCxGC can also be used as screening method for various groups of pesticides (Tuzimski, 2011a) . The details about GC x GC methods with examples and references were described in the previous study of an earlier published by the same author: Multidimensional chromatography in pesticides analysis. In: Pesticides -strategies for pesticides analysis. (Ed.) Margarita Stoytcheva. InTech, Rijeka 2011 , pp. 155-196 (Tuzimski, 2011a .
